Abstract-In order to evaluate the kinematic performance and determine the proper design parameters, the kinematic characteristics of human upper-limb are modelled and analyzed in this paper. Based on the model, different mechanical configurations of wearable upper-limb exoskeleton robots are proposed and the singularity orientation in the upper limb workspace is analyzed. The optimal configuration of the shoulder mechanism without limiting the spherical-joint motion is determined to avoid the singularity in the control procedure. According to the configuration, the workspaces of the upper limb and the exoskeleton robots are simulated by the matlab software. And the results prove that the optimized configuration works well in the most frequently used workspace of human upper-limb. The optimizing method of singularity elimination is helpful for the configuration design and active control of upper limb exoskeleton system.
I. INTRODUCTION
An exoskeleton arm is a bio-mechatronic system, which is the integration of mechanical, electronic, software engineering and biology. Using the upper-limb exoskeleton robot, the human being can enhance the physiological ability and adaptability to the environment. So it is meaningful to broaden the field of activities and improve the efficiency of the people. In recent years, the exoskeleton robotic technology has become a hot research topic in the robotics field. The advantages of the exoskeleton robots gain a promising application in the different fields, such as the industry, the rehabilitation, the military field, and et al.
The requirements of an active upper-limb exoskeleton robot are different in accordance with the purpose such as rehabilitation, motion assist, human power amplifier and haptic interaction. However, the fitting level, agility and comfort of the exoskeleton robot are closely related to the kinematic model and configuration of the exoskeleton arm. The human upper-limb, consisting of shoulder complex, elbow complex and wrist joint, has a complex anatomic structure. Only when the DOFs of exoskeleton arm is equal to or greater than the ones of the upper limb does the robot cooperate nicely with the human. For example, the military exoskeleton system XOS2 developed by American Raytheon Company [1] , the cable-driven 7DOF exoskeleton arm CADEN-7 from Washington University [2] and soft-actuated exoskeleton robots from University of Salford [3] . This makes the mechanism of the exoskeleton system more complex and its cost more expensive. So the application areas are limited. Many researchers have studied how to find a more proper configuration of the exoskeleton arm for the simulation on the upper limb movement. Simon proposed a double-parallelogram-linkage configuration to realize the spherical-joint movement of shoulder complex. The exoskeleton arm Robo-Mate made in Germany is mounted on the waist to avoid the complexity of the shoulder joint [4] . Ying Mao et al. design a wearable upper-limb exoskeleton robot driven by pulleys and cables so as to lower the joint moments [5] . Hee-Don Lee et al. presented an improved algorithm to eliminate the singularity under some specific postures of the exoskeleton arm [6] . Usually, the improper kinematic model and mechanical configuration of the exoskeleton arm will create the following problems: a) simplified kinematic model reduces the workspace of the exoskeleton arm and limits the applicable field; b) the improper configuration increases the design difficulty and complexity of mechanism; c) unpredicted forces or interference between exoskeleton parts or between the parts and the wearer may be produced [7] ; d) the difficulty of the active control algorithm is improved.
In this paper, the kinematic theory of the human upper limb and the optimized configuration of the exoskeleton arm is mainly discussed and analyzed. The rest of the paper is organized as follows: The kinematic model of the human upper limb is described in section II, the simulation of the workspace of the upper limb is also presented in this section. Section III is devoted to compare different mechanical configurations and analyze the differences between them. Based on the previous work, an optimized exoskeleton configuration is designed. The workspace of the exoskeleton arm and the one of the upper limb are compared and shown in section IV. Finally, the conclusion of this paper is expounded in section V. 
II. KINEMATIC ANALYSIS OF HUMAN UPPER LIMB

A. Kinematic Layout of Shoulder Complex
Shoulder Complex is a complex series of joints packaged in a compact volume. Movement of the clavicle, scapula, and humerus all contribute to the rotation and translation of the shoulder (Figure 1 ). The motion of the girdle is enabled by the scapulothoracic, sternoclavicular, and acromioclavicular joint respectively. The clavicle is attached to the torso through the compound sternoclavicular joint. The lateral end of the clavicle is attached to the acromion on the scapula. The sternoclavicular and the acromioclavicular joint can thus be seen as two universal joints. The system is modelled by a sphere-pin pair S SC by a spherical joint S AC . The scapulothoracic articulation contains two mating surfaces separated by subscapularis and serratus anterior muscles. It allows translation and rotatory movement of the scapula with respect to the torso. The motion of the scapula over the thorax has a moving center. This joint is approximately modelled by two sliders T ST and a rotation R ST . As shown in the right-upper sketch in Fig. 1 , shoulder girdle can be seen as a parallel mechanism. The total number of DOF is f = 8. The number of movable segments is N=4 and the number of joints is n=5. According to the Grubler/Kutzbach formula, the number of independent DOF of shoulder girdle can be obtained.
where =6. The two independent DOFs make the scapula rotating and translating. So they are modelled as a sphere-pin pair S 12 and a translation pair T 1 . The glenohumeral joint GH is a ball-socket joint (S GH ) between the glenoid cavity on the scapula and the head of the humerus. Mechanically, the shoulder complex can be seen as a system of a dislocated sphere-pin and a spherical joint enabling an orientation of the upper limb.
B. Kinematic Analysis and Simulation of Upper Limbs
Based on the analysis on the shoulder complex, the kinematic model is modelled as shown in Fig. 2 . θ 1 and θ 2 are the rotation angles of the sphere-pin pair S 12 . θ 3 , θ 4 and θ 5 are respectively rotation angles of the glenohumeral joint. d 23 is the distance between the joint S 12 and the one S 345 . d 56 and d 6f are respectively the length of the upper arm and forearm. The biomechanical model developed by [8] and [9] represents the upper limb, including the shoulder complex, as a serial chain of rigid links connected by ideal joints. This model was developed to determine the reachable workspace of the human wrist. There are θ A for abduction/adduction, θ F for flexion/extension, θ R for medial/lateral rotation, θ for the angle between humerus and Z axis, and θ 6 for flexion/extension of the elbow, considering the physiological limitation of the human arm joints, then 
P = R R D + R R R (D + R D )
(3) Table I shows the statistical data that is a reasonable motion range of the healthy upper limb of the human. Representation of the workspace is made by generating a large set of orientations or point of P F the upper limb can reach. Then, the bound of the workspace is reconstructed in 3D graphic manner using the set by the matlab software. Later the workspace is used to evaluate the ROM of the exoskeleton based on the number of orientations the exoskeleton can also satisfactorily reach. This set is generated by recursively stepping through the range of each joint in the biomechanical model to produce a set of feasible upper limb motion. The distribution representation of the point cloud is shown in Fig. 3a) . The 3D boundary which is reconstructed using the point cloud is illustrated in Fig. 3b ) and c). And the abduction orientation of the human arm is integrated in Fig.  3c ) to verify the validity of the kinematic model. The blue points are successively the representations of the sternoclavicularis joint, glenohumeral joint, elbow joint and wrist joint. As shown in Fig. 3 , the point P F representing the wrist joint is on the boundary of the workspace. In the same time, the concave region of the workspace is just located on the back of the human while the human arm is difficult to reach his back. So the simulation results accord with the practical situation. A common configuration of the rigid shoulder mechanism is illustrated in Fig. 4 . In order to simulate the spheroidal joint of the human shoulder, three rotation joints whose rotation axes are perpendicular to each other are configured on the shoulder. This configuration is adopted by many shoulder exoskeletons. Although the configuration can realize the simulation of the spherical joint, the angle range of each rotation joint is limited for fear of collision while the joint is rotating around its axis as shown in Fig. 4 . Under the circumstances, the workspace of the exoskeleton arm is greatly reduced. That has a great influence on the application areas of the exoskeleton system. 
III. CONFIGURATION OPTIMIZATION OF A WEARABLE EXOSKELETOM SHOULDER
A. Shoulder Configuration Analysis and Optimization
Since a singularity only occurs when the determinant of the Jacobian is equal to zero, this shows that the shoulder is singular when the second shoulder joint is at either zero or π/2 radians. This corresponding gesture of the upper limb is illustrated as the right in Fig. 5 .
In order to maximize the workspace of the exoskeleton arm and avoid the problems mentioned above, the configuration of the shoulder need simulate the ball-socket joint motion and work without regard for the singularity in the most frequently used workspace. The angle relationship of the shoulder configuration can be illustrated as Fig. 6 . So as to maximize the theoretical workspace of the arm, the following relationships between the joint axes should satisfy the following inequalities [10] . As shown in Fig. 7 , by rotating the tool tip (red cross) around joint axis 3, a circular path will be outlined, this is represented by the green circle. A further rotation of this circle around joint axis 2 results in a spherical surface bounded by joint axes 2 and 3. By further rotating the yellow structure around joint axis 1, a complete sphere is obtained.
Axis 3
Axis 2 Figure 7 . Determination of the spherical joint Formula 6 describes the conditions under which the yellow surface will contain a full great circle, while formula 7 describes the conditions under which the first joint axis will intersect the circle.
B. Kinematic Simulation and Prototype Design of the Exoskeleton Arm
Considering the mechanism complexity and weight requirement of a wearable exoskeleton arm, the kinematic model shown in Fig. 2 need to be simplified in practice. Because of the minor changes of the angle and displacement, the translation matrix T 1 , rotation matrix θ 1 and θ 2 are ignored. In the same time, the optimized configuration of the shoulder satisfying the formula 6 and 7 is integrated into the simplified model. Let φ 1 =90°, φ 2 =75° and φ 3 =45°. Using the parameters, the workspace of the exoskeleton arm is simulated and compared with the one of the upper limb. It is illustrated in Fig. 8a ). Matlab is used to do the work. It is important to point out that the permitted workspace of the exoskeleton arm is defined as the most frequently used workspace of the upper limb. So the volume is smaller than the one of the upper limb workspace. The parameters used to design the exoskeleton arm are listed in Table II . To the modified configuration of the shoulder, its determination of Jacobi matrix can be expressed as 2 3 det( ) cos(
where K is a constant coefficient. The simulation of the singular orientation is shown in Fig. 8b ). The singularity occurs only when the upper limb passes through the human body. That is impossible for the normal movement, the control algorithm is simplified when the exoskeleton arm is working in the normal range. Based on the theoretical analysis in the previous chapters, a prototype of the exoskeleton arm is designed. And it is equipped with a 3D human model whose height is 180cm. Here, the arm of the model can move like a real human. The initial posture of the exoskeleton arm is shown in the first picture of Fig. 9 . The other pictures illustrate some extreme postures that probably lead to collide between the exoskeleton and the human arm or between the components of the exoskeleton under the common configuration shown in Fig. 5 . The results in Fig. 9 prove that the exoskeleton arm under the modified configuration can accomplish the task well when the linkage dimensions are proper.
IV. CONCLUSION
In this paper, a kinematic model of the upper limb is described and analyzed. Two configurations of the shoulder mechanism are proposed and compared. An in-depth discussion is made in several respects of the workspace range, singularity and configuration optimization. The shoulder spherical motion which is essential for a large workspace was obtained and it overcame the disadvantages of traditional mutually orthogonal joint configuration in the mechanical design and motion control. The workspace under the modified configuration was created without the hindrance of singularity. And the simulation proves the modified configuration works well in the most frequently used workspace. A prototype of the exoskeleton arm is designed and equipped with a 3D human model. The motion simulation of the upper limb with the exoskeleton arm shows that the optimized configuration has advantages in avoiding collision and enlarging the workspace of the exoskeleton. The proposed method and theoretic analysis is helpful for the design of the exoskeleton mechanism. In future, how to determine the optimal joint and linkage parameters can be a following topic to further study on.
